The transcriptional enhancement of heat shock protein (hsp) genes by heat shock or other conditions that are stressful to cells is dependent on the presence of so-called heat shock element (HSE) sequences in their promoter regions (3, 17, 22) that consist of arrays of alternatively oriented NGAAN modules (2, 37) . HSEs are binding sites for heat shock transcription factor (HSF) (21, 23, 36) , which is inactive in unstressed cells and active in stressed cells (16, 36, 38) . Organisms differ in their number of distinct HSF species. Whereas Saccharomyces cerevisiae and fruit flies express a single HSF species, birds, mammals, and plants express multiple HSF species (reviewed in reference 31). Furthermore, the strategies employed to regulate HSF activity differ drastically in S. cerevisiae and higher eukaryotes (30) . While yeast HSF binds DNA constitutively, heat-activable HSF in higher eukaryotes is incapable of DNA binding in the absence of heat stress. Thus, in higher eukaryotes, HSF activity may be regulated mainly or exclusively at the level of DNA-binding ability. However, a number of situations involving mammalian cells, in which HSF DNAbinding ability was induced but a concomitant increase in hsp gene expression did not occur, have been described (6, 14, 15, 24) , suggesting that activation of HSF is a multistage process and that induction of DNA-binding ability may be only an early event in a complex activation process.
It has been shown previously that stress activation of hsp genes in mammalian cells is mediated by a single species of HSF referred to as HSF1 (4, 25, 28) . The sequence organization of human HSF1 (hHSF1) is shown in Fig. 1 . The 529-amino-acid polypeptide contains, near its amino terminus, a DNA-binding domain followed by two closely spaced 4-3 hydrophobic repeats (LZ1 and 2). These regions that are conserved among HSFs from different organisms are followed by nonconserved sequences that are interrupted by a third 4-3 repeat (LZ3) common to all HSF species except yeast HSF (but see Discussion) and a carboxy-terminal 12-mer element (CTR) conserved among mammalian HSF species.
In extracts from unstressed cells, hHSF1 appears largely as a monomer (4, 28) , although complexes with hsp70-type proteins have also been observed (reference 27 and our unpublished results). Upon stress, hHSF1 trimerizes, is hyperphosphorylated, acquires DNA-binding as well as transactivation ability, and translocates to the nucleus (4, 28) . While it is generally believed that stress-induced trimerization is directly responsible for the acquisition of DNA-binding ability, presumably enabling cooperative DNA binding by three individual DNAbinding domains, other aspects of activation may have only an indirect relationship with the trimerization event.
Previous studies on hHSF1 were concerned almost exclusively with the identification of sequence elements involved in the monomer-to-trimer conversion and the induction of DNA-binding ability. Rabindran et al. (26) expressed hHSF1 in human 293 cells and were able to establish conditions of overexpression under which most of the hHSF1 molecules synthesized from transfected genes were present in the monomeric form and could be induced by heat shock to trimerize and acquire DNA-binding ability. Limited mutagenesis analysis revealed that deletion of LZ3 or of carboxy-terminal sequences including the CTR element rendered hHSF1 constitutively trimeric and DNA binding. Baler et al. (4) used the Xenopus oocyte system to express hHSF1 from microinjected mRNA prepared by in vitro transcription of hHSF1 cDNA. Readily detectable quantities of factor were synthesized, which largely assumed a monomeric conformation in unstressed oocytes. Upon heat treatment, hHSF1 trimerized, was hyperphosphorylated, and acquired DNA-binding ability. Using this system, Zuo et al. (39) identified three distinct regions in hHSF1, corresponding to LZ1 (amino terminal portion), LZ2, and LZ3, each of which is required for maintaining hHSF1 in the monomeric form. Experiments involving substitution of individual hydrophobic residues in LZs suggested that the LZs participated in hydrophobic interactions in the inactive hHSF1 monomer. These findings led to the proposal that the monomeric form may be maintained through a triple-stranded core formed by the three LZs. This structure may be further stabilized by binding of a cellular factor such as hsp70.
In this study, we examined the possibility, suggested by several isolated observations alluded to above, that the transcriptional competence of hHSF1 may be regulated by a mechanism that is independent from the one controlling trimerization and DNA binding. We also sought to corroborate, using human cells, our previous mapping of sequences involved in the suppression of hHSF1 oligomerization that had been carried out with the Xenopus expression system. Finally, we investigated how nuclear import of hHSF1 is heat regulated. We chose to study the regulation of transcriptional competence of hHSF1 by examining the functional and structural properties of hHSF1 mutants with internal deletions or substitutions expressed transiently in human cells and Xenopus oocytes. We considered this approach to be superior to the testing of the transcription-enhancing ability of short segments of hHSF1 sequence in the context of a heterologous transcription factor, because the latter approach may produce results whose relevance to hHSF1 regulation is difficult to assess.
MATERIALS AND METHODS
Constructions. Deletions and amino acid substitutions were made in an hHSF1 cDNA gene inserted between the HindIII and EcoRI restriction sites of pGEM-3Zf(ϩ). Most of the mutant hHSF1 genes as well as the LexA-hHSF1 chimeric genes used in this study had been described previously (39) . To construct Rous sarcoma virus promoter-dependent expression constructs, wild-type and mutant hHSF1 cDNA sequences were excised from the pGEM constructs and introduced into expression vector pRSV14A (unpublished results) that provided Rous sarcoma virus promoter and RNA leader sequences as well as transcription termination signals. To place hHSF1 wild-type and mutant genes under the control of a cytomegalovirus (CMV) promoter, hHSF1 cDNAs isolated from pGEM constructs were inserted into expression vector pcDNA1 (Invitrogen). The LexA-responsive reporter gene LexA-CAT was constructed by introducing a short segment containing eight lexA operator sequences, recovered from plasmid pSH18-34 (34) by PCR, upstream (into a SalI site) from the basal promoter of reporter gene OKЈ-TATA-CAT (13) .
Transactivation assays with Xenopus oocytes. Oocytes from Xenopus laevis females were prepared as described previously (33) . To produce mRNAs for injection, pGEM-3Zf(ϩ)-derived plasmids containing hHSF1 or LexA-hHSF1 cDNA genes were linearized at a site several hundred base pairs 3Ј of the inserted genes and the cDNA genes were transcribed in vitro by SP6 RNA polymerase. Aliquots of transcription reaction mixtures were then injected into the cytoplasm of stage VI oocytes (10 to 20 oocytes per RNA and condition). One day later, oocytes were injected into the nucleus with circular DNA of reporter gene plasmid p173 (32) or LexA-CAT. If indicated, oocytes were heat treated for 60 min at 37ЊC. Extracts were prepared as described elsewhere (18) following a further overnight incubation of the oocytes at 20ЊC.
Transactivation assays with HeLa or HeLa-CAT cells. HeLa and HeLa-CAT (5) cells were grown in Dulbecco's modified Eagle's medium (high glucose concentration) with 10% fetal calf serum at 37ЊC under 5% CO 2 . Cells were transfected by a calcium phosphate precipitation method (7) with 20 g of DNA mixture per 100-mm-diameter dish. DNA mixtures included 1 to 5 g of a LexA-hHSF1 or an hHSF1 expression construct, 2 g of a construct containing a ␤-galactosidase gene under the control of a cytomegalovirus promoter, 1 g of a reporter gene construct where applicable, and carrier DNA (pSP64) to bring the total amount of DNA to 20 g. Transfection was allowed to proceed for 14 to 16 h. Cells were harvested 24 h after the end of transfection. For unknown reasons, HeLa-CAT cells could be transfected more efficiently than normal HeLa cells. In some experiments involving assays of oligomerization and DNA binding, cells were heat treated for 30 min in a 43ЊC water bath immediately before being harvested. In transactivation experiments with LexA-hHSF1 chimeras, cells were incubated overnight after heat treatment. Whole-cell extracts were prepared by a procedure involving repeated freezing and thawing, and subcellular fractions were prepared by a Nonidet P-40-based lysis procedure as described previously (4) . To estimate transfection efficiency, 1/10 to 1/5 of extracts was used for ␤-galactosidase assays. It was noted that transfection efficiency as assessed by ␤-galactosidase assays rarely varied by more than 25% within an experiment. To correct even for these minor differences, amounts of extracts used in various determinations were adjusted according to the results of the ␤-galactosidase activity measurements. Extract volumes containing 10 to 20 U of ␤-galactosidase activity were used for gel shift assays, limiting-pore-size gel electrophoresis, or assays of chloramphenicol acetyltransferase (CAT) activity.
Analyses with extracts. Gel shift assays involving end-labeled synthetic HSE (11) or LexA binding-site (39) probes were carried out as described by Baler et al. (4) . The procedure used for limiting-pore-size gel electrophoresis and antihHSF1 blotting has been detailed by Zuo et al. (39) . Blots were developed with the enhanced chemiluminescence system (Amersham). The preparation and characterization of polyclonal anti-hHSF1 antibody were described by Baler et al. (4) . Assays of ␤-galactosidase were performed by the standard colorimetric procedure (2) . CAT activity was determined by the method of Gorman et al. (12) . Results were quantified by scanning thin-layer chromatograms with a Phosphorimager. All experiments were repeated at least twice. Data shown are from representative experiments. Batches of oocytes were injected in the cytoplasm with RNA for wild-type and mutant factors prepared by in vitro transcription with SP6 RNA polymerase. One day later, the same oocytes as well as a batch of not previously injected oocytes were injected in the nucleus with construct p173 that contained a ␤-galactosidase gene under the control of the highly heat-inducible promoter of the human hsp70B gene. As a positive control, oocytes that had been injected only with the reporter construct but not with RNA were heat treated for 1 h at 37ЊC 2 h after injection. All batches of oocytes were incubated at 20ЊC overnight prior to lysis. ␤-Galactosidase activity assays were carried out by the standard colorimetric procedure, and activities were expressed relative to that of reporter gene-injected, heat-treated oocytes (columns 1 and 2, in the table below the diagrams; HS refers to heat-treated oocytes, and CO refers to non-heat-treated oocytes). Other relevant properties of wild-type and mutant factors determined previously (39) , such as whether they are capable of DNA binding or oligomerization at the non-heat shock temperature, are listed under columns 3 and 4, respectively.
RESULTS
Transactivation by hHSF1 mutants in Xenopus oocytes. As we showed previously (references 4 and 39 and unpublished results), hHSF1 expressed in Xenopus oocytes from microinjected mRNA appears in two distinct forms in extracts prepared from unstressed oocytes. Whereas the bulk of hHSF1 is monomeric, a smaller fraction is present as hHSF1-hsp70 heterodimers. Neither form is capable of DNA binding. Upon heat treatment of the oocytes at 37ЊC, hHSF1 oligomerizes and migrates on a limiting-pore-size gel to a position identical to that of hHSF1 trimers formed in heat-shocked human cells. Concomitantly, hHSF1 acquires DNA-binding ability. This heat regulation of trimerization and DNA-binding ability is abrogated by mutational changes in any of the three LZs. Such mutants are constitutively oligomeric and DNA binding.
Since Xenopus oocytes, like other cell types, contain functional HSF (4, 38) , the transcriptional activity of hHSF1 expressed in oocytes could not be distinguished from that of endogenous HSF. The observation that LZ mutants are capable of constitutive DNA binding suggested a possible way by which the above difficulty could be circumvented. If the transactivation ability of hHSF1 was not regulated independent of DNA-binding ability, constitutively trimeric and DNA-binding mutant factor should be capable of transactivating a heat shock promoter in unstressed oocytes as long as the mutant factor included a functional transcription activation domain. Since endogenous HSF is inactive in unstressed oocytes (4, 38) , any heat shock promoter activity observed would have to be the result of transactivation by the hHSF1 mutant. To test this possibility, oocytes were injected into the cytoplasm with wildtype and mutant hHSF1 mRNA and were incubated for 1 day to permit hHSF1 synthesis. The same oocytes were then injected once more, this time into the nucleus, with DNA of construct p173, containing a human hsp70B-␤-galactosidase chimeric gene whose expression is controlled by the linked, highly inducible hsp70B promoter. After overnight incubation, extracts were prepared and ␤-galactosidase activity levels were determined (Fig. 1) . Wild-type hHSF1, incapable of DNA binding in the unstressed oocyte, failed to enhance the reporter gene (line 1 of the results). As anticipated, LZ2 mutants E 189 and H-BH greatly stimulated reporter gene expression (lines 4 and 5), producing higher levels of ␤-galactosidase activity than did heat-activated, endogenous HSF (last line). In contrast, LZ1 mutants K 140 and A 147 as well as LZ3 mutants E 391 and SA-SA, were completely devoid of transactivation ability (lines 2, 3, 6, and 7), even though all mutants were constitutively DNA binding (39) . Since it is difficult to understand how mutations in both LZ1 and LZ3 could interrupt the transcription activation domain, these observations suggest that the transcription ability of hHSF1 may be regulated by a discrete mechanism that functions independently of that controlling oligomerization and DNA binding.
To demonstrate that mutations in LZ2 affected the heat regulation of hHSF1 rather than derepressed factor activity under both heat shock and non-heat shock conditions, we took advantage of a previously characterized chimeric transcription factor, LexA 87 -hHSF 79 , in which the hHSF1 DNA-binding domain was replaced with that of bacterial repressor LexA (39) (see also the schematic representation in Fig. 2 ). The residue-1-to-87 segment of LexA present in this construct included the LexA DNA-binding domain but not the oligomerization domain. Like wild-type hHSF1, the chimeric factor had been shown to be largely monomeric in unstressed oocytes and to be incapable of binding to a LexA recognition sequence (39) . When the oocytes were heat shocked, the factor oligomerized and acquired LexA DNA-binding ability. Mutations in LZ2 or LZ3 caused the chimera to oligomerize and bind to DNA constitutively. Thus, it appeared that oligomerization and DNA-binding ability of the chimeric factor and of hHSF1 were regulated similarly. The LexA 87 -hHSF 79 chimera was capable of heat regulating the expression of a LexA-CAT reporter gene containing a CAT gene under the control of a basal promoter supplemented by multiple LexA-binding motifs (Fig. 2 , lanes 1). Introduction of an LZ2 mutation (E 189 ) drastically reduced the heat inducibility of transactivation from over 30-fold to about 4-fold (lanes 2). Substitution of a hydrophobic residue with a charged residue in LZ3 (E 391 ), which had been shown to cause the chimera to quantitatively form oligomers at both heat shock and control temperatures, had only a minor effect on the ability of the mutant to transactivate following heat shock and reduced heat regulation to a smaller extent than did the LZ2 substitution (lanes 3). However, the large deletion SA-SA, spanning LZ3 and downstream sequences, virtually eliminated transactivation ability (lanes 4). It was difficult to ascertain whether the remaining activity was properly heat regulated from the data obtained, since small errors in the determination of the non-heat shock level of expression greatly affect the calculation. The same applies to estimations of the degree to which transactivation by chimeras LexA 87 -hHSF1 79 -E 391 (lanes 3) and LexA 87 -hHSF1 79 -AV-ST, containing a deletion of carboxy-terminal hHSF1 sequences (lanes 5), was heat inducible. The latter chimera was considerably less active than LexA 87 -hHSF1 79 following heat treatment. These observations led us to tentatively conclude that acquisition of transactivation ability is not merely a consequence of factor trimerization but is mediated by an independent regulatory FIG. 2. Transactivation of a CAT reporter gene under the control of a minimal promoter containing LexA-binding sites by LexA-hHSF1 chimeras in heat-treated and untreated Xenopus oocytes. Constructs are illustrated schematically. Oocytes were injected with RNA and reporter gene as described in the legend to Fig. 1 . Two hours after DNA injection, oocytes were either heat treated at 37ЊC for 1 h or kept at 20ЊC. CAT assays were performed on extracts preparedmechanism involving sequences in the LZ2 region. While an LZ3 substitution caused constitutive trimerization and an LZ2 substitution caused nearly constitutive trimerization (39) , only the LZ2 substitution, in the context of both the LexA-hHSF1 chimera and hHSF1, resulted in a drastic deregulation of transcription ability. Mutants SA-SA and AV-ST mapped the transcription activation domain to a broad region that included the LZ3 sequences. Note that induction of the transactivation ability of chimera LexA 87 -hHSF1 79 -E 391 occurred at 37ЊC, which is the typical heat shock temperature for Xenopus cells. In human cells, hsp genes are induced only at much higher temperatures. Thus, as for oligomerization and DNA-binding ability, the temperature at which transcriptional ability of HSF1 is induced is determined by the host cell rather than by the structure of the transcription factor itself.
Transactivation ability of wild-type and mutant hHSF1 in human HeLa cells. Seeking conformation of the above observations in a homologous system, we carried out transfection experiments in human cells. Wild-type or mutant hHSF1 genes were placed under the control of a CMV promoter or, in some experiments, a Rous sarcoma virus promoter (Fig. 3) . We used as the recipient cell the HeLa-CAT cell line, which contains integrated copies of a CAT gene under the control of the highly heat-inducible hsp70B gene promoter (5). The hsp70B-CAT genes in this line are virtually silent at the normal growth temperature but are induced by several orders of magnitude following heat shock treatment. Two independent experiments with overlapping sets of mutants are shown in Fig. 3A and B. The transfected wild-type hHSF1 gene was found to be incapable of inducing CAT gene expression at the normal, nonheat shock temperature ( Fig. 3A and B, lanes 1) . In contrast, corroborating results obtained with the Xenopus oocyte system (Fig. 1) show that CAT activity was drastically elevated in extracts from cells transfected with a mutant carrying a singleresidue substitution in LZ2 (Fig. 3A and B, lanes 5). An even higher level of transactivation was supported by mutant H-BH, which lacked most of LZ2 (lane 4). Also, as in the oocyte experiments, single-residue substitutions in LZ1 (lanes 2 and 3) and LZ3 (lanes 7 and 8) or a large deletion spanning LZ3 and sequences downstream (lanes 6) did not uncover transactivation ability. Deletion of carboxy-terminal sequences that had been reported previously to result in constitutive oligomerization in human cells (26) also failed to activate the transcriptional ability of the factor (lanes 9).
Intracellular accumulation and oligomeric state of wild-type and mutant hHSF1 expressed from transfected genes. To rule out the possibility that negative results obtained with most hHSF1 mutants tested in the experiment in Fig. 3 could be explained by protein instability, we sought to demonstrate that wild-type and mutant hHSF1 expressed from transfected genes accumulated to high relative levels in HeLa-CAT cells. To simultaneously obtain information on the oligomeric state of mutant proteins, extracts were analyzed by limiting-pore-size gel electrophoresis and anti-hHSF1 blot. This experiment revealed that wild-type and mutant hHSF1 proteins expressed from transfected genes were synthesized in amounts far exceeding that of endogenous hHSF1 (Fig. 4A) . Thus, protein instability could be eliminated as a possible explanation for the lack of transactivation ability, under non-heat shock conditions, of wild-type and mutant hHSF1 proteins synthesized from transfected genes. All proteins, including wild-type hHSF1, expressed from exogenous genes were found to migrate predominantly to a position characteristic of hHSF1 trimers. In the experiment shown in Fig. 4A and B, cells had been transfected with 5 g of DNA of hHSF1 constructs per 100-mm-diameter dish. Reducing the amount of specific DNA used in transfection resulted in less pronounced but still substantial overexpression of wild-type or mutant hHSF1 (see discussion of later experiments, below). It was noted that transfection with any amount of hHSF1 expression vector resulting in measurable overexpression (more than 100 ng per dish) yielded hHSF1 that was largely in the oligomeric form (results not shown). Unless indicated otherwise, all subsequent transfections were carried out with an intermediate quantity of hHSF1 expression vectors (1 g per dish) .
It is widely accepted that acquisition of DNA-binding ability by HSF is tightly linked to trimerization of the factor. If the 4D) , these complexes do not represent homotrimeric and heterotrimeric forms of hHSF1, respectively, since similar sets of complexes were formed in cells overexpressing either hHSF1 wild-type or mutant proteins. Rather, the latter complexes may have resulted from association of homotrimeric wild-type or mutant hHSF1 with hsp70 (1, 5) or other cellular proteins. This notion is further supported by a comparison of heat-activated, endogenous hHSF1 and overexpressed wild-type or mutant hHSF1 by limiting-pore-size gel electrophoresis and antihHSF1 blot that revealed the consistent appearance of three or more oligomeric complexes of different sizes (Fig. 4C) . Note that DNA-binding assays with different extract dilutions suggested that the different hHSF1 complexes have similar DNAbinding affinities (Fig. 4D) . The experiment illustrated in Fig. 4A and B (Fig. 4B shows overdeveloped sections of the blot presented in panel A) also confirmed our previous findings made with the Xenopus oocyte system (39) that LZs are critical for the maintenance of the inactive hHSF1 monomer. While overexpression of wild-type hHSF1 resulted in massive accumulation of oligomers, it also caused a detectable increase in monomer (and heterodimer) concentration (compare lanes 1, Ϫ, and ϩ in Fig. 4A and B) . Similar observations were made with mutants lacking sequences outside the LZ regions (Fig. 4A, lanes 10 to 12) . If LZs were involved in establishing the monomeric form, overexpression of mutants with defective LZs should have resulted in a less pronounced increase in monomer concentration than that seen with overexpressed wild-type hHSF1. Results demonstrated that LZ2 mutant E 189 was capable of only marginally increasing monomer concentration (Fig. 4A and B, lanes 5) whereas LZ3 mutants E 395 and SA-SA (lanes 6 and 8) produced no detectable increase. LZ1 mutants K 140 and A 147 failed to show an analogous effect (lanes 2 and 3), presumably because of instability of mutant trimers. Much reduced accumulation of monomers was also observed with mutant AV-ST (lane 9), confirming earlier results of Rabindran et al. (26) . This experiment corroborated the importance of LZ2 and LZ3 in the maintenance of the hHSF1 monomer in human cells. Apparently, carboxy-terminal sequences are playing a role in this process as well.
Sequence elements involved in the regulation of transcriptional competence of hHSF1. As discussed above (Fig. 3) , LZ2 mutants but not wild-type hHSF1 expressed from transfected genes are capable of transactivating a reporter gene in unstressed human cells. Since both wild-type hHSF1 and LZ2 mutants synthesized from transfected genes are oligomeric and are able to bind to HSE DNA, this observation strongly suggests that the LZ2 region plays a role in the regulation of the transcriptional activity of hHSF1 that is independent from its involvement in the control of the oligomeric state of the factor.
To determine whether the LZ2 region was part of a longer region involved in the regulation of transcriptional competence, we tested the transcriptional capability of a number of additional deletions containing wild-type LZ2 sequences (Fig.  5A ). This analysis was confined to a relatively narrow segment 7) . Note that the NC-S deletion was inactive in transactivation even in a mutant LZ2 background (results not shown). To validate these results, relative protein concentrations and DNA-binding ability were estimated by limitingpore-size gel electrophoresis and anti-hHSF1 blot (Fig. 5B) and by HSE gel shift assay (Fig. 5C ), respectively. The above deletions were found to be substantially overexpressed and to have DNA-binding ability. Because some variability in amounts of protein expressed as well as in DNA-binding activity had been noted in previous experiments, transfections with mutant BH-S were carried out with three different concentrations of expression construct in this experiment (lanes 2a to 2c). At the lowest concentration, which resulted in an undetectable level of overexpression (Fig. 5B) , DNA-binding activity produced was comparable to that of relatively weakly overexpressed mutants BH-D and NC-S (Fig. 5C , lanes 2c, 6, and 7). Even when expressed at this low level, BH-S had substantial transactivation ability, in contrast to the other two mutants, suggesting that the inactivity of the latter mutants was due neither to small protein amounts nor to low DNA-binding activity. These findings identified a discontinuous domain involved in suppressing transcription ability that included LZ2 and nearby sequences downstream from LZ2 (minimally extending from residue 228 to 276). These sequences were clearly separated from those containing the transcription activation domain (see below). To further define the region involved in regulation of transcriptional competence, several additional small deletions in the region between residues 202 and 277 were tested. Most of the latter deletions, however, failed to accumulate to high levels, presumably because of protein instability, and therefore proved uninformative.
The above experiments analyzed the transactivation ability of mutant factor at the non-heat shock temperature at which endogenous hHSF1 is inactive. They could not resolve, therefore, whether a mutation increased the overall transcriptional competence of the factor under both heat shock and non-heat shock conditions or whether it abolished the heat regulation of transcriptional activity. To distinguish between these possibilities, we tested the ability of LexA-hHSF1 chimeras to transactivate a CAT gene under the control of a basal promoter supplemented with LexA-binding sites (LexA-CAT) in heattreated or non-heat-treated HeLa cells. The basic construct used was LexA 87 -hHSF1 79 (Fig. 6) , which had been shown in previous experiments with the Xenopus oocyte system to encode a chimeric factor that could be heat induced to trimerize and acquire LexA DNA-binding ability (39) . The chimeric factor was also found to enhance transcription of the LexA-CAT reporter gene in a heat-regulated fashion in the oocytes (Fig. 2) . When the chimeric gene was placed under the control of a Rous sarcoma virus promoter and transfected into HeLa-CAT cells, overexpressed chimeric protein was found to bind DNA constitutively (Fig. 6C) , as had been observed for overexpressed wild-type hHSF1 (Fig. 4) . Transactivation of the LexA-CAT reporter gene in HeLa cells by the chimeric protein was highly heat regulated ( Fig. 6A and B, lanes 1) . The singleresidue substitution in LZ2, E 189 , rendered the chimera either partially or completely deregulated (compare lanes 2 in Fig. 6A and B). Complete deregulation was observed with the BH-S deletion derivative (Fig. 6A, lanes 4) . The E 391 mutation did not result in transcriptional competence in the absence of Fig. 2 ). Since transactivation levels achieved by the original chimera in heat-treated cells and by mutant derivatives in both heat-treated and untreated cells were not greatly different, we concluded that LZ2 and the nearby region downstream from LZ2 contain elements involved in the regulation of the transcriptional ability of hHSF1.
Transcription activation domain(s).
To define the transcription activation domain of hHSF1, we took advantage of the above-mentioned observation that mutations in LZ2 rendered the factor active at the non-heat shock temperature. We systematically deleted regions downstream from LZ2 in LZ2 mutant gene E 189 and tested the transcriptional competence of the deletion mutants in a HeLa-CAT transfection assay. We found that all deletions downstream from residue 315, except N-4Z, severely impaired transcriptional ability (Fig. 7) , tentatively locating the transcription activation domain(s) in a region downstream from residue 378 (also see Discussion). That transcriptional ability was virtually abolished by deletions in a fairly broad region suggested that many of the deletions may have caused deleterious changes in hHSF1 conformation. It was hoped that analysis of small deletions would better define the active region. However, of several small deletions tested (E 189 -S-HS, E 189 -H3-N, E 189 -N-4Z, E 189 -PЈ-PS, E 189 -BE-AV, and E 189 -D-PR) only one, E 189 -N-4Z, did not abolish or severely impair transcriptional competence. Note that several E 189 derivatives with single or double substitutions of hydrophobic residues in LZ3 (E 189 -K 391 /H 395 , E 189 -K 395 , and E 189 -E 391 ) known to result in constitutive oligomerization in the Xenopus oocyte system or in an inability to accumulate monomers in HeLa-CAT cells transactivated the reporter gene equally as well as E 189 did. Thus, the hydrophobic repeats in LZ3 do not form part of the activation domain (see also Fig. 6 ).
To assess whether the transcriptional inactivity of most of the above deletions was caused either by protein instability or by an inability to oligomerize, extracts from cells transfected with deletion genes were analyzed by limiting-pore-size gel electrophoresis and anti-hHSF1 blotting (Fig. 8A) . Although levels of expression of different mutations were somewhat variable, all were expressed at levels greatly exceeding that of endogenous hHSF1 (Fig 8A. ) Furthermore, all mutants were detected predominantly in an oligomeric form. To find whether deletions were inactivated by proteolytic cleavage, selected mutant proteins were also analyzed by anti-hHSF1 Western blotting (immunoblotting). All mutants tested displayed the expected molecular sizes (data not shown). To test whether deletions were incapable of DNA binding, gel shift assays with an HSE DNA probe were carried out (Fig. 8B) . These experiments revealed that all extracts from mutant-expressing cultures contained substantial DNA-binding activity at the non-heat shock temperature. In the experiment shown in Fig. 8A and B, several mutants showed lower DNA-binding activity than E 189 . That this difference in DNA binding was not the reason for the inactivity of the former mutants is demonstrated by the experiment shown in Fig. 8C to E. In this experiment, extracts from cells transfected with decreasing quantities of E 189 DNA were compared with extracts from cells transfected with some of the mutant genes that showed weak expression levels in the previous experiment. Mutant E 189 efficiently transactivated the reporter gene even when expressed at levels far below those of other mutants (see protein amounts in Fig. 8C and DNA-binding activities in Fig. 8D ) that were essentially inactive in transcription stimulation (Fig. 8E) .
Regulation of nuclear localization of hHSF1. Previous cell fractionation experiments had suggested that nuclear localization of hHSF1 is heat regulated (4, 28) . In unstressed cells, the factor resides largely in the cytoplasm. Heat stress causes its quantitative relocation to the nucleus. Analysis of subcellular fractions of HeLa-CAT cells transfected with an hHSF1 gene by limiting-pore-size gel electrophoresis and anti-hHSF1 blot revealed that monomers of overexpressed hHSF1 stayed in the cytoplasmic fraction, whereas oligomers translocated to the nucleus, even in the absence of stress (Fig. 9, lanes 1a and 1b) . This result suggests that nuclear localization is dependent on oligomerization of the factor.
Inspection of the amino acid sequence of hHSF1 revealed clusters of basic residues characteristic of nuclear localization signals both preceding LZ1 (residues 116 to 118) and following LZ2 (residues 206 to 208). We reasoned that the latter cluster could not represent an essential signal, since mutant BH-S lacking this cluster was highly competent in transcription activation. To test whether the cluster preceding LZ1 functioned as a nuclear localization signal, we prepared two substitution mutants in the background of LZ2 mutant E 189 . In NR1, one of the three basic residues was changed to Ser, and in NR2, the three basic residues were substituted by Ser, Ser, and Ala (Fig.  9 ). Subcellular fractionation of HeLa-CAT cells expressing the mutants revealed that mutant NR1 remained predominantly in the cytoplasm and mutant NR2 remained quantitatively in the cytoplasm (lanes 6 and 7) . Thus, the cluster of basic residues preceding LZ1 is the major nuclear localization signal of hHSF1.
As discussed above, most deletions in the carboxy-terminal half of hHSF1 were transcriptionally inert. While these mutants could be shown to be stable and capable of DNA binding, the possibility remained that they were unable to translocate to the nucleus. We therefore determined the localization of three hHSF1 mutants with large deletions in the carboxy-terminal half of the molecule. All three mutant proteins were found predominantly in the nuclear fraction (lanes 3 to 5).
DISCUSSION
Regulation of oligomerization and DNA binding. hHSF1 overexpressed in HeLa cells was found to assume predominantly an oligomeric conformation. As expected from previous studies suggesting a close correlation between oligomerization and the acquisition of DNA-binding ability (4, 10, 26, 28, 35, 39) , overexpressed, oligomeric hHSF1 was capable of DNA binding at non-heat shock temperature. These findings are in apparent conflict with a study by Rabindran et al. (26) demonstrating that hHSF1 overexpressed in human 293 cells is heat regulated for both oligomerization and DNA binding. Our experiments suggest that the discrepancy between the two studies cannot be explained by differences in levels of overexpression of hHSF1. We transfected HeLa-CAT cells with DNA mixtures containing decreasing amounts of hHSF1 expression construct, which resulted in decreasing levels of hHSF1 overexpression. We observed that any amount of expression plasmid that caused detectable overexpression yielded oligomeric hHSF1 at non-heat shock temperature. We interpret our observation that overexpressed hHSF1 forms largely oligomers as further evidence that oligomerization and consequently DNAbinding ability are negatively regulated by a titratable cellular factor. Other lines of evidence include the finding that eukaryotic HSF expressed in Escherichia coli is oligomeric (10, 25) , as well as the observation that oligomerization of human hHSF1 expressed in Xenopus oocytes (4) or in Drosophila melanogaster (9) is heat induced at the heat shock temperatures characteristic for the latter organisms, which are well below the human activation temperature. The differences in the regulation of hHSF1 in HeLa and 293 cells could conceivably have resulted from differences in the concentration of this titratable factor. Since hsp70 has been suggested as the negative regulator of HSF (1, 5) , it may be interesting that 293 cells express a major hsp70-related protein (hsp72) at a higher level than do HeLa cells in the absence of heat stress (19) .
In Xenopus oocytes, hHSF1 forms monomers and a complex believed to represent hsp70 heterodimers but no trimers in the absence of stress (references 4 and 39 and our unpublished results). Our previous mutational analysis of hHSF1 in Xenopus oocytes identified the three regions containing hydrophobic repeats as critical for maintaining the factor in the mono- meric conformation (39) . Although most exogenous hHSF1 in HeLa-CAT cells is in an oligomeric form, overexpression also led to a clear increase in the concentration of hHSF1 monomers. Thus, effects of mutations on the residual accumulation of monomers could be tested to determine which hHSF1 sequences played a role in the retention of the monomeric conformation in the human cells. The results of such experiments revealed that single substitutions of hydrophobic amino acids in LZ2 and LZ3 greatly reduced monomer accumulation, confirming the earlier findings made by the Xenopus oocyte assay. A similar effect could not be detected for mutations in LZ1, presumably because of greater instability of mutant oligomers in human cells than in frog oocytes. As in the previous study, several large deletions between LZ2 and LZ3 did not prevent monomer formation. In contrast to the Xenopus study but in agreement with the results of Rabindran et al. (26) , deletion of carboxy-terminal sequences also drastically decreased the accumulation of monomeric factor in HeLa-CAT cells. We believe that this finding may be related to the fact that overexpression in human cells results largely in oligomeric factor but that no similar deregulation of oligomerization occurs in Xenopus oocytes. We suggest that in oocytes kept at 20ЊC, hydrophobic interactions of the three LZs are sufficiently stable to alone maintain the monomeric conformation, whereas in human cells that are cultured at a much higher temperature, these interactions are too weak by themselves and need to be stabilized by binding of a titratable cellular factor. The effect seen with carboxy-terminal deletions in human cells but not in the oocytes suggests that carboxy-terminal sequences may either contain the binding site for or otherwise affect binding by this cellular regulator.
Regulation of transcriptional competence. Even though overexpressed hHSF1 is a DNA-binding oligomer, it is incapable of stimulating transcription from the hsp70-CAT reporter genes present in the HeLa-CAT cell line at non-heat shock temperature. This finding suggests that a mechanism distinct from that regulating oligomerization and acquisition of DNA-binding activity controls the transcriptional competence of the factor. As discussed above, oligomerization appears to be negatively regulated, involving binding of a titratable cellular factor. Since hHSF1 remained entirely inactive in transactivation at any level of overexpression, transcriptional competence may be regulated in a positive fashion, be that through heat-regulated binding to hHSF1 of a regulatory factor or through posttranslational modification of hHSF1 itself.
Single-residue substitutions or deletions in LZ2 drastically increased the ability of hHSF1 to transactivate the reporter genes. Experiments with LexA-hHSF1 chimeras suggested that the mutations attenuated or abolished the heat control of transcriptional competence of the factor. Deregulation of transcriptional competence was also observed with an hHSF1 mutant lacking a nearby region downstream from LZ2 (minimally extending from residue 228 to 276). We conclude that sequences including LZ2 and a nearby region downstream from LZ2 contain at least part of a mechanism specifically regulating the transcriptional ability of hHSF1. The transcription activation domain(s) of hHSF1 is carboxy-terminal of residue 315 and, considering the high transactivation ability of mutant E 189 -N-4Z, may actually be located distal to residue 378. Hence, the transcription activation domain appears to be regulated from a distance. The regulatory mechanism may control the masking of the transcription activation domain, which may be achieved by the folding back of carboxy-terminal sequences containing the activation domain onto amino-terminal sequences. Such a mechanism may depend not only on sequence elements that mediate the conformational changes needed to bring about folding and unfolding but also on the correct conformation in critical regions outside these elements. This may explain observations such as the observation that mutants BH-S and BH-NC are transcriptionally competent but mutant NC-S is inactive both in wild-type hHSF1 and E 189 backgrounds, as well as the observation that most deletions in the carboxy-terminal half of hHSF1 abolish the transcriptional competence of the factor. Since our previous work with the oocyte system (39) had indicated that hydrophobic interactions among all three LZs are essential for maintaining hHSF1 in a monomeric conformation and since LZ2 mutations deregulate transactivation ability, it seemed plausible that the proposed fold-back mechanism regulating transcriptional competence may be based on hydrophobic interactions of LZ2 and LZ3. Since the mechanism operates even when hHSF1 is in the oligomeric form whose stability is dependent on intermolecular interactions between LZ1 regions of monomers, LZ1 was unlikely to play a role. Our results with LZ3 substitutions, however, all but rule out a mechanism involving hydrophobic interactions of LZ3. We found that LZ3 substitutions that cause constitutive oligomerization in the oocyte system or prevent the accumulation of exogenous monomers in HeLa-CAT cells do not uncover transactivation ability in either system. Conceivably, the mechanism regulating transcriptional competence may be predicated on the unusual distribution of charges in the hHSF1 molecule. The amino-terminal half of the hHSF1 molecule is predominantly positively charged, and the carboxy-terminal half is predominantly negatively charged. Perhaps masking is achieved by the carboxy-terminal half of hHSF1 folding back on the amino-terminal half, a structure that may be stabilized by charge interactions.
The mechanism of regulation of hHSF1 transcriptional competence uncovered by our experiments appears to be surprisingly similar to the mechanism controlling the activity of yeast HSF. HSF in S. cerevisiae is constitutively trimeric and DNA binding but is transcriptionally inert prior to heat activation (30) . This inactive form may correspond to that of hHSF1 overexpressed in human cells. Deleting from the amino terminus, Nieto-Sotelo et al. (20) were able to show that heat regulation of transcriptional competence of yeast HSF requires the presence of the ILR region (LZ1 and LZ2). Analogous results were obtained from similar experiments with hHSF1 (our unpublished results). Chen et al. (8) demonstrated that, just as in the case of hHSF1, deletion of LZ2 or substitution of a zipper amino acid with proline resulted in a constitutively active factor. Although this had been previously missed because of the low degree of homology, Chen et al. also identified in yeast HSF a region containing heptad repeats that appears to correspond to LZ3 in higher eukaryotes. Again, as in the case of hHSF1, mutations predicted to disrupt the LZ3-like heptad repeats failed to render yeast HSF transcriptionally active in the absence of stress. These observations prompted Chen et al. to suggest a similar fold-back mechanism masking the carboxy-terminally located activation domain as the one proposed here that involves the LZ2 but not the LZ3 region. Thus, from what is known to date, it appears that some important aspects of the mechanism controlling HSF transcriptional competence are conserved in eukaryotic organisms.
Regulation of nuclear transport. hHSF1 is found in the cytoplasm of unstressed cells and in the nucleus of heatstressed cells (4, 28). As discussed above, overexpression of hHSF1 in HeLa-CAT cells resulted not only in the accumulation of large amounts of oligomeric and DNA-binding hHSF1 but also in an increased concentration of the monomeric form of the factor. Subcellular fractionation revealed that the monomeric form of exogenous hHSF1 resides exclusively in the cytoplasm and the oligomeric form resides exclusively in the nucleus. This suggests that oligomerization is required for nuclear transport, i.e., that a nuclear localization signal becomes unmasked as the factor undergoes oligomerization. We envision that masking may be caused by binding of the regulatory protein that stabilizes the monomeric conformation. Mutants BH-S and BH-NC are highly active in transactivation, suggesting that the sequences deleted in these mutants, which include a cluster of basic amino acids, do not contain an essential nuclear localization signal. These observations, as well as the observation that LexA 87 -hHSF1 79 is a functional transcription factor, place the nuclear localization signal between residues 79 and 202. This region contains a single cluster of three basic amino acids (residues 116 to 118). Substitution mutants NR1 FIG. 9 . Regulation of hHSF1 nuclear transport. HeLa-CAT cells were transfected with the illustrated constructs (1 g per dish). Note that constructs 2 to 7 contain the E 189 substitution, rendering these assays directly comparable to the experiments shown in Fig. 7 As discussed above, the transcriptional ability of hHSF1 is separately regulated from its oligomerization and DNA-binding ability. In our transfection experiments, hHSF1 is overproduced and is present largely in a transcriptionally inert, oligomeric form in the nuclear fraction. Heat treatment activates the transcriptional competence of the factor in the nucleus. Hence, not only may heat activation of transcriptional competence be mediated by a different mechanism from that controlling activation of DNA-binding ability, but also the two mechanisms may function in different subcellular locales. The different steps of the pathway leading to activation of hHSF1 suggested by our study are shown schematically in Fig. 10. FIG. 10 . Conceptual model of steps involved in the stress activation of hHSF1. hHSF1 may be maintained in a monomeric conformation by LZ interactions that are stabilized by binding of a cellular regulatory protein (REG. P.). Solid boxes represent LZ regions. Upon stress, the regulatory protein dissociates, which may expose the nuclear localization signal (small open box preceding the first LZ). Monomers unfold and are rapidly incorporated in trimers that are less than fully extended, causing the transcription activation domain(s) located toward the carboxy-terminal end of each monomer to remain masked. These trimers translocate to the nucleus, where they undergo a further structural transition by an unknown mechanism that results in unmasking of the transcription activation domain(s). 
